Introduction
============

Congenital adrenal hyperplasia (CAH) is one of the most frequent errors of metabolism, causing impaired adrenal cortisol and aldosterone production with increased androgen secretion ([@b1-jomb-2014-0048], [@b2-jomb-2014-0048]). Steroid 21-hydroxylase deficiency (21OHD, MIM 201910) is the most common form, accounting for 90--95% of all cases of CAH. It is caused by mutations in the 21-hydroxylase gene (CYP21A2 -- cytochrome P450, family 21, subfamily A, polypeptide 2) located 30 kb far from its pseudogene (CYP21A1P) on chromosome 6p21.3 ([@b1-jomb-2014-0048]). The high degree of sequence similarity (96--98%) between CYP21A2 and CYP21A1P permits two types of recombination events: unequal crossing-over during meiosis, which results in large deletions/duplications of CYP21A2, and gene conversion events that transfer deleterious mutations present in the pseudogene to CYP21A2 ([@b3-jomb-2014-0048]--[@b7-jomb-2014-0048]).

However, apart from gene deletions and large gene conversions, nine such pseudogene-derived mutations account for about 95% of all affected CYP21A2 alleles in different ethnic groups, while \~5% are *de novo* mutations which did not arise in the pseudogene ([@b1-jomb-2014-0048]). Defects of the CYP21A2 gene lead to various degrees of impaired cortisol and aldosterone synthesis and to androgen excess. Deficiency of both cortisol and aldosterone synthesis results in salt-wasting (SW) CAH, usually presenting early after birth as salt-wasting crises and ambiguous external genitalia in girls. In the simple virilising (SV) form of CAH, presenting with early precocious pubarche and a variable degree of virilisation of the external genitalia in girls, only the cortisol synthesis is deficient. In the nonclassical, late-onset (LO) form of CAH, the phenotypic manifestations of androgen excess are variable, occurring either in childhood, but later than in the SV form, or found in adult women referred for hirsutism, menstrual irregularity, and/or decreased fertility; sometimes no signs of CAH are present. Men are often asymptomatic, further enhancing the difficulty to evaluate the incidence of this mild form of CAH ([@b8-jomb-2014-0048]--[@b10-jomb-2014-0048]).

Mutations are divided into three groups according to residual enzyme activity, depending on the nature of the mutations and *in vitro* studies in the case of missense mutations ([@b11-jomb-2014-0048]--[@b13-jomb-2014-0048]). The first group consists of mutations abolishing enzyme activity that are thus associated with the SW form, such as large rearrangements, nonsense, frameshift, or missense mutations. The second group, found in patients with the SV form, consists mainly of the missense I172N mutation ([@b14-jomb-2014-0048]) with very low residual 21-hydroxylase activity, but sufficient to prevent neonatal SW ([@b15-jomb-2014-0048], [@b16-jomb-2014-0048]). The third group includes mutations such as P30L ([@b17-jomb-2014-0048]) and V281L ([@b15-jomb-2014-0048]) that produce enzymes retaining 20--70% of the normal activity. There is a good relationship between the genotype and clinical presentation, but a combination of CYP21A2 mutations can cause different phenotypes. The less severely mutated allele determines the patient's phenotype ([@b10-jomb-2014-0048], [@b18-jomb-2014-0048], [@b19-jomb-2014-0048]).

The severe classical form occurs in one in 10,000 -- 15,000 Caucasians ([@b1-jomb-2014-0048]). The milder non-classical CAH occurs in approximately one in 1,700 in the general population ([@b20-jomb-2014-0048]). Based on newborn screening data, the carrier frequency of CAH in the general population is estimated to be 1 in 55 ([@b21-jomb-2014-0048]).

Materials and Methods
=====================

Patients
--------

We studied 61 Macedonian and 24 Serbian patients with clinical and laboratory signs of CAH evaluated at the Department of Endocrinology and Genetics, University Children's Clinic, Skopje, Republic of Macedonia and the Mother and Child Health Care Institute, Belgrade, Serbia, respectively. All patients had elevated plasma 17-hydroxyprogesterone and were classified according to standard criteria ([@b22-jomb-2014-0048]). Of the Macedonian patients, 24 had the SW form, 15 the SV, and 22 the LO form of the disease. Among Serbian patients, 6 had the SW form, 5 the SV and 13 the LO form of the disease. SW patients had onset of dehydration and/or shock associated with hyperkalemia and hyponatremia. Females had ambiguous genitalia. The diagnosis was made within 2 months after birth (average 23.3±19.6 days). The patients with the SV form were diagnosed at the age of 2--14 years (average 4.8±3 years) due to signs of androgen excess, after corticotropin stimulation. LO patients were characterized by normal external genitalia with hirsutism/oligomenorrhea in girls and by precocious pubarche and elevated 17-hydroxyprogesterone levels, 60 min after stimulation with ACTH in both sexes. The diagnosis was made at the average age of 8.9±4.3 years.

Molecular analysis
------------------

DNA samples of all subjects were obtained from peripheral blood lymphocytes using the standard proteinase K-phenol-chloroform method ([@b23-jomb-2014-0048]). Direct molecular screening of nine common pseudogene-derived point mutations: P30L, IVS2, 8 bp deletion in exon 3 (G110 8nt), I172N, exon 6 cluster (I236N, V237E, M239K), F306+T, V281L, Q318X and R356W were performed with the PCR/ACRS method, followed by restriction enzyme digestion, as previously described ([@b24-jomb-2014-0048]). Normal and mutated alleles were distinguished by the size of the restriction fragments, using electrophoresis on 12% polyacryl-amide gels and visualised by silver staining ([@b25-jomb-2014-0048]--[@b27-jomb-2014-0048]) ([Figure 1](#f1-jomb-2014-0048){ref-type="fig"}). The digestion with the restriction enzyme allowed not only mutation detection, but also determination of the zygosity of the individual mutations.

Ethics
------

The research was conducted in accordance with the Declaration of Helsinki ethical guidelines, and approved by the institutions where it was conducted.

Statistical analysis
--------------------

Statistical analysis was performed using Statistical Package for Social Sciences 21 for Windows (SPSS Inc., Chicago, Illinois, USA). The distribution and association of the detected mutations with the clinical form of the disease were compared using chi-square tests. P value less than 0.05 was considered statistically significant. Descriptive method was used for statistical analysis of the numerical parameters.

Results
=======

Six different mutations were detected in 71.3% (87/122) of alleles in the Macedonian patients. The most prevalent IVS2 mutation was present in 43 alleles (35.2%), followed by the P30L in 22 (18%), Q318X in 13 (10.7%), V281L in 5 (4.1%), I172N in 4 (3.3%) and R356W in 3 alleles (2.5%). Mutations were revealed in 85.4% of the SW, 83.4% of the SV and 47.7% of the LO alleles. The distribution of the detected mutations among the Macedonian patients with different clinical presentations of CAH is shown in [Table I](#tI-jomb-2014-0048){ref-type="table"}. In 36 (59%) of the Macedonian patients the complete genotype was obtained, with good correlation to phenotype ([Table II](#tII-jomb-2014-0048){ref-type="table"}). Of them, 30 patients (49.2%) were homozygous for one mutation and six patients (9.8%) were compound heterozygous with different mutations on each allele. The most common genotype was IVS2/IVS2 (37.3%). Fifteen (24.6%) of the Macedonian patients were heterozygotes and ten (16.4%) harboured none of the tested mutations.

Five different mutations were detected in 64.6% (31/48) of alleles in the Serbian patients. The most prevalent P30L mutation was present in 15 alleles (31.3%), followed by 10 IVS2 (20.8%) mutated alleles, 4 Q318X (8.3%), 2 R356W (4.2%) and 2 I172N (4.2%) alleles Mutations were found in 83.3% of the SW, 80% of the SV and 50% of the LO alleles. The distribution of the detected mutations among the Serbian patients with different clinical presentations of CAH is shown in [Table I](#tI-jomb-2014-0048){ref-type="table"}. The complete genotype was obtained in 14 (58.3%) of the Serbian patients, with good correlation with phenotype ([Table III](#tIII-jomb-2014-0048){ref-type="table"}). Nine of them (37.5%) were homozygous for one mutation and five (20.8%) were compound heterozygous with different mutations on each allele. The most common genotype was P30L/P30L (23.5%). Three of the patients (12.5%) were heterozygotes and 7 (29.2%) harboured none of the tested mutations.

Discussion
==========

We observed an interesting pattern of the mutational spectrum of CYP21A2 in our patients; this is the first report in these two Balkan countries. Out of 122 alleles in the Macedonian and 48 alleles in the Serbian patients, we identified mutations in 87 (71.3%) and 31 (64.6%) alleles, respectively. Among the nine common mutations analyzed, IVS2 was the most prevalent mutation in the Macedonian, as opposed to P30L in the Serbian patients. The distribution of the detected mutations in our study was slightly different from those previously reported in large populations ([@b19-jomb-2014-0048]).

No 8 base-pair deletion, E6 cluster or F306+t were detected in the analysed patients.

We found that specific CYP21A2 mutations are involved in different clinical forms of CAH. IVS2 splicing mutation with less than 1% residual 21-hydroxylase activity was the most prevalent among the Macedonian SW patients (68.8%) with significantly higher frequency than the one in the SV and LO patients (p\<0.05). Also, the IVS2 mutation frequency in the SV patients is significantly higher than the one in LO patients (p\<0.05). However, the IVS2 mutation was the most prevalent among Serbian (58.3%) SW patients, without any statistically significant difference between the different clinical presentations.

Although IVS2 is usually associated with the SW phenotype, in our SV patients high IVS2 frequency was found in the heterozygote state. However, compound heterozygotes for two different CYP21A2 mutations usually have a phenotype compatible with the presence of the milder gene defects ([@b10-jomb-2014-0048], [@b18-jomb-2014-0048]). It can explain why our patients with severe and moderate or mild mutations presented with a milder phenotype. We found that the P30L frequency was relatively high in our LO patients, when compared to other studies ([@b19-jomb-2014-0048]). Also, high prevalence of the mild P30L mutation with more than 30% of enzyme activity was found in our classical SV patients. Our findings support the role of the P30L mutation in pronounced virilisation ([@b17-jomb-2014-0048]). An unusual finding is the lower frequency of V281L in the Macedonian nonclassical patients compared to other European populations, as well as its complete absence in our Serbian nonclassical patients ([@b28-jomb-2014-0048]--[@b30-jomb-2014-0048]). Finally, according to the fact that the severe nonsense Q318X mutation abolishes the 21-hydroxylase activity, homozygosity for Q318X in two of our patients with the late-onset phenotype could be attributed to the tendency of cytochrome P450 enzymes to be 'promiscuous' enzymes that bind many different substrates and catalyze a wide variety of hydroxylations, so the adrenal expression of such an enzyme could account for the cryptic 21-hydroxylase activity ([@b31-jomb-2014-0048]). Variability in the phenotypic expression in some of our NCAH patients strengthens the concept that the genotype is predictive of the phenotype and may be conditioned by the presence of mechanisms other than genetic heterogeneity at the CYP21A2 locus ([@b32-jomb-2014-0048], [@b33-jomb-2014-0048]) or the involvement of other genes in the androgen sensitivity, the salt balance or the extraadrenal 21-hydroxylase activity ([@b34-jomb-2014-0048]).
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![ACRS/PCR mutational analysis of the CYP21A2 gene on 12% PAGE, line 1 -- normal, line 2 -- heterozygote, line 3 --homozygote, M -- marker (50 bp).](jomb-2014-0048f1){#f1-jomb-2014-0048}

###### 

Detected mutant alleles in the Macedonian and Serbian patients with different clinical forms of 21-hydroxylase deficiency.

                      Macedonian patients                                            Serbian patients                                                                                                                                           
  ------------------- -------------------------------------------------------------- -------------------------------------------------------------- --------------- -------------------------------------------------------------- ------------ ------------------------------------------------------------
  IVS2                33 (68.8%)                                                     9 (30%)                                                        1 (2.3%)        7 (58.3%)                                                      2 (20%)      1 (3.8%)
  Q318X               7 (14.6%)                                                      1 (3.4%)                                                       5 (11.4%)       1 (8.3%)                                                       /            3 (11.5%)
  R356W               2 (4.2%)                                                       1 (3.4%)                                                       /               1 (8.3%)                                                       /            1 (3.8%)
  V281L               1 (2.1%)                                                       2 (6.7%)                                                       2 (4.5%)        /                                                              /            /
  P30L                /                                                              9 (30%)                                                        13 (29.5%)      2 (16.7%)                                                      4 (40%)      9 (34.6%)
  I172N               /                                                              4 (13.4%)                                                      /               /                                                              2 (20%)      /
  **Total alleles**   41[\*](#tfn1-jomb-2014-0048){ref-type="table-fn"}/48 (85.4%)   25[\*](#tfn1-jomb-2014-0048){ref-type="table-fn"}/30 (83.4%)   21/44 (47.7%)   10[\*](#tfn1-jomb-2014-0048){ref-type="table-fn"}/12 (83.3%)   8/10 (80%)   13[\*](#tfn1-jomb-2014-0048){ref-type="table-fn"}/26 (50%)

There was more than one mutation on the same allele; n -- number of the analysed alleles.

###### 

Genotype-phenotype correlation in the Macedonian patients based on the severity of the CYP21A2 defect.

  ------------------------------------------------------------------------------------------------------------------------------------
  *Genotype allele 1/allele 2*   No. of patients   SW\      SV\      LO\     p
                                                   n=24     n=15     n=22    
  ------------------------------ ----------------- -------- -------- ------- ---------------------------------------------------------
  severe/severe                  23                19       4        /       **0.00**[\*](#tfn2-jomb-2014-0048){ref-type="table-fn"}

  moderate/moderate              1                 /        1        /       /

  mild/severe                    4                 /        3        1       1.00

  mild/moderate                  1                 /        1        /       /

  mild/mild                      7                 /        3        4       1.00

  **Total**                      **36**            **19**   **12**   **5**   /
  ------------------------------------------------------------------------------------------------------------------------------------

Statistically significant (p \< 0.05)

###### 

Genotype-phenotype correlation in the Serbian patients based on the severity of the CYP21A2 defect.

  ------------------------------------------------------------------------------
  *Genotype allele 1/allele 2*   No. of patients   SW\     SV\     LO\    p
                                                   n=6     n=5     n=13   
  ------------------------------ ----------------- ------- ------- ------ ------
  severe/severe                  6                 5       /       2      1.00

  moderate/moderate              1                 /       1       /      /

  mild/severe                    3                 /       2       /      1.00

  mild/mild                      4                 /       1       3      1.00

  **Total**                      **14**            **5**   **4**   5      /
  ------------------------------------------------------------------------------

Statistically significant (p \< 0.05)
